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HIGHLIGHTS 


•  Li20— Zr02  coating  on  NCA  prevents  the  increment  of  the  resistance  during  cycle. 

•  Li20-Zr02  coated  NCA  showed  91.7%  capacity  retention  at  100  cycles. 

•  A  1  Ah  class  all-solid-state  battery  was  prepared  and  demonstrated. 
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An  all-solid-state  lithium-ion  battery  (ASSB)  using  non-flammable  solid  electrolytes  is  a  candidate  for  a 
next-generation  battery.  Although  the  excellent  cycle  performance  and  its  high  energy  density  are 
suggested  in  the  literature,  a  practical  size  battery  has  not  been  appeared  yet.  In  this  paper,  we  have 
adopted  a  sulfide  based  electrolyte,  Li2S-P2Ss  (80:20  mol%)  to  a  rocking  chair  type  lithium  ion  battery. 
The  electrochemical  cell  consists  of  a  Li20-Zr02  coated  LiNi0.sCo0.15Al0.05O2  (NCA)  cathode,  an  artificial 
graphite  anode  and  the  sulfide  based  electrolyte  without  any  organic  and  inorganic  liquids.  The  cathode 
charge  transfer  resistance  is  significantly  reduced  by  the  Li20-Zr02  coating.  The  total  cell  resistance  of 
the  Li20-Zr02  (LZO)  coated  NCA  adopted  cell  is  approximately  one  quarter  of  non-treated  one.  A 
standard  type  single  cell  with  the  nominal  capacity  of  100  mAh  at  25  °C  is  fabricated  by  wet  printing 
process,  and  its  capacity  retention  is  approximately  80%  at  100  cycles.  Also,  a  1  Ah  class  battery  was 
constructed  by  stacking  the  single  cells,  and  demonstrated. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Solid  state  lithium  batteries  have  attracted  great  interest 
because  of  their  high  safety  and  applicability  to  EV  applications 
and/or  large  scale  energy  storage  systems.  In  the  application  of  the 
solid  electrolytes  to  the  lithium  batteries,  Perovskite-type  solid 
solution,  NASICON  type  phosphate,  garnet  like  structures  and  sul¬ 
fide  compounds  have  been  studied  mainly  to  increase  their  ion 
conductivities  [1-8].  Although  the  performance  of  such  solid  state 
batteries  has  been  reported  by  several  groups,  there  are  still  some 
issues  with  solid-solid  interfacial  reaction  to  be  overcome  to  enable 
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practical  usage  [9-12].  For  example,  an  oxide  type  electrolyte 
generally  shows  a  large  grain  boundary  resistance  [13-15  ,  and 
NASICON  type  lithium  ion  conductors  are  not  stable  with  lithium 
metal,  whereas  the  ion  conductivity  of  such  ceramic  conductors 
have  reached  practical  levels  [16,17].  Only  all-solid-state  the  micro¬ 
batteries,  e.g.,  thin  film  type  batteries  based  on  LiPON  electrolyte, 
fabricated  by  chemical  vapor  deposition  have  been  commercialized 
and  then  only  for  memory  backup  and  other  low  power  usages 
[18,19  .  From  a  viewpoint  of  a  larger  all-solid-state  battery  (ASSB),  it 
is  known  that  the  xLi2S-yP2Ss  electrolyte  is  one  of  the  candidates, 
since  this  kind  of  electrolyte  shows  a  high  ionic  conductivity 
without  a  grain  boundary  resistance  at  room  temperature  [20,21]. 
The  xLi2S-yP2S5  electrolytes  are  also  easily  pelletized  by  a  hand 
press  at  room  temperature,  and  are  applicable  to  cell  assembly 
without  a  sintering  process.  Hence,  the  sulfide  electrolyte  is  an 
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appropriate  material  for  forming  intimate  interfacial  contact  with 
an  active  material,  and  excellent  performance  was  achieved  at  the 
test  cell  scale  (e.g.,  electrode  size  ~  2  cm  in  diameter)  [22,23  . 

The  sulfide  electrolyte  also  has  the  issue  of  the  interface  stability 
at  the  cathode.  The  electrolyte  component  atoms:  sulfur,  phos¬ 
phorus  and  transition  metals  (cobalt,  nickel  and  manganese),  and 
oxygen  originating  from  mutual  diffusion,  form  a  highly  resistive 
layer  [24  .  However,  others  have  claimed  that  the  origin  of  highly 
resistive  layer  is  not  mutual  diffusion  but  a  Schottky  barrier  at  the 
interface  [25,28,32  .  As  yet,  this  is  not  entirely  clear,  surface  treat¬ 
ment  has  been  generally  adopted  to  stabilize  the  cathode  interface 
in  sulfide  based  all-solid-state  batteries  [24-28  .  Although  the 
phenomena  are  different  from  the  conventional  lithium  ion  bat¬ 
teries  (LIB),  some  of  the  surface  coating  techniques  suggested  in  LIB 
is  considered  to  be  applicable  to  the  solid-state  cells  [29].  Machida 
et  al.,  has  reported  that  a  ZrC>2  protection  layer  on  LiNii/3Mni/3Coi/ 
3O2  is  particularly  beneficial  [24].  In  this  work,  the  Li20-Zr02  (LZO) 
coating  method  was  used  to  facilitate  lithium  ion  transfer  at  the 
interface  due  to  the  existence  of  the  Li  carrier  in  the  protection 
layer.  However  the  coating  layer  is  still  expected  to  be  resistive  to 
ionic  transport  due  to  its  low  ionic  conductivity,  and  thus  the 
loading  amount  requires  optimization  [30  . 

In  general,  an  ASSB  requires  external  pressure  to  maintain  fine 
interface  contact  during  the  charge/discharge  process  because  the 
expansion/contraction  of  the  active  materials  break  the  physical 
contact  and  increases  the  cell  resistance  during  cycles.  On  the  other 
hand  in  a  conventional  lithium  ion  battery,  the  liquid  electrolyte 
and  the  swelled  binder  maintains  a  good  interface  without  external 
pressure  even  if  the  active  materials  expand  during  the  cycles. 
Consequently,  the  well-known  powder  compression  method  is 
unsuitable  for  the  manufacturing  process  of  ASSB.  Thus,  how  to 
form  the  electrodes  and  electrolyte  layer  is  another  issue  at  this 
stage. 

In  this  study,  we  report  on  the  progress  in  developing  a  practical 
scale  solid-state  battery.  To  prevent  the  above  issues,  we  have 
adopted  three  approaches:  1)  an  Li20-Zr02  thin  layer  coating  was 
applied  to  the  cathode  material  to  reduce  the  solid-solid  interface 
resistance  and  prevent  mutual  diffusion  at  the  cathode/electrolyte 
interface.  2)  A  coating  was  applied  to  the  electrode  and  electrolyte 
preparation.  3)  A  solid  electrolyte  free  anode  was  adopted  for 
avoiding  contamination  during  the  coating  process  and  this  process 
provided  external  pressure  free  cell  operation.  Together  these 
techniques  contribute  to  the  successful  operation  of  a  practical  size 
solid  state  lithium  ion  battery.  In  this  report,  we  focus  on  the  in¬ 
fluence  of  LZO  coating  on  NCA  using  a  test  cell,  and  briefly  describe 
the  characteristics  of  practical  size  single  cells  and  the  outstanding 
issues. 

2.  Experimental  procedure 

2.2.  Preparation  of  the  materials 

For  the  cathode  active  material,  an  Li20-Zr02  (LZO)  coated 
LiNio.8Coo.15Alo.05O2  (NCA)  was  prepared  by  the  sol-gel  method 
based  on  Zr02  coating  [24  .  The  LZO  coating  sol  was  prepared  from 
2-propanol  (dehydrated,  Kanto  Chemical,  Japan),  lithium  methoxide 
(equivalent  of  10%-lithium  methoxide  in  methanol  solution,  Kanto 
Chemical,  Japan)  and  zirconium(IV)  tetrapropoxide  (Zr(OC3H7)4) 
(TCI,  Japan)  in  the  molar  ratio  200:2:1.  NCA  (D5 0  =  ca.  5  pm)  was 
dispersed  into  above  solution  and  stirred  1  h,  and  the  propanol 
evaporated  under  vacuum  at  50  °C  (water  bath)  while  undergoing 
ultrasonic  wave  irradiation  in  order  to  prevent  the  NCA  particles 
from  aggregating.  After  filtration,  the  precursor  was  heated  at  350  °C 
for  1  h  under  air,  and  the  LZO  coated  NCA  was  prepared.  After  the 
LZO  coating,  the  specific  surface  areas  were  verified  using  the 


nitrogen  adsorption  Brunauer-Emmett-Teller  (BET)  method 
(Macsorb  1208,  Mountech,  Tokyo).  The  specific  surface  areas  of  bare 
and  LZO  coated  NCA  were  0.45  and  0.55  m2  g_1,  respectively.  The 
solid  state  ion  conductor,  amorphous  Li2S-P2Ss  (80:20  mol%)  elec¬ 
trolyte  was  prepared  by  high  energy  ball  milling  in  accordance  to 
the  previous  paper  [31].  Artificial  graphite  (spherical  shape, 
D50  =  ca.  15  pm)  was  used  for  the  anode  active  material.  All  the 
above  processes  were  carried  out  in  an  Ar  filled  glove  box. 

2.2.  Preparation  of  a  pelletized  cell 

A  pelletized  test  cell  was  prepared  for  measuring  the  basic 
characteristics  such  as  the  charge/discharge  potential  profiles,  rated 
discharge  capability  and  the  cell  internal  resistance. 

The  pellet  was  prepared  by  using  a  die  with  a  diameter  of  13  mm  as 
shown  in  Fig.  1.  The  test  cell  comprises  of  the  stainless  steel  outer 
casing  with  the  Teflon  insulator.  Then,  70  mg  of  the  electrolyte  L^S- 
P2S5  (80:20  mol%)  powder  was  measured  by  a  micro-balance  and 
uniformly  spread  inside  the  die  by  a  micro-spatula.  Next,  the  powder 
was  once  temporally  compressed  and  compacted  into  a  pellet. 

15  mg  of  the  cathode  composite  powder  (NCA:vapor  grown 
carbon  fiber  (VF,  fiber  diameter  =  ca.  200-500  nm,  length  =  ca.  5— 
10  pm):Li2S-P2S5  (80:20  mol%)  =  60:5:35  (wt%))  was  uniformly 
spread  across  the  compacted  electrolyte  surface  in  the  die.  Then  the 
cathode  layer  was  temporally  hydraulically  compressed.  On  the 
opposite  side  of  the  electrolyte  pellet,  15  mg  of  the  anode  composite 
powder  (artificial  graphite:VF:Li2S-P2S5  (80:20  mol%)  =  60:5:35 
(wt%))  was  deposited  and  pelletized  by  the  same  means  as  the 
cathode  layer.  All  the  cell  components  were  compressed  together 
and  completely  pelletized  by  using  a  hydraulic  press  (at  25  °C,  4  ton 
for  30  s  were  applied  to  the  13  mm  die). 

After  closing  the  upper  current  collector,  the  screw  was  fastened 
at  3.0  Nm  using  a  preset  torque  wrench  to  maintain  the  electro¬ 
chemical  contact  in  the  cell.  The  top  current  correct  serves  as  the 
negative  electrode.  The  upper  and  lower  halves  of  the  cells  were 
electrically  disconnected  by  an  O-ring.  The  cell  was  placed  in  the 
aluminum  laminated  bag  and  vacuum  sealed  to  avoid  possible 
exposure  of  the  sample  to  the  air.  All  above  process  were  carried 
out  under  Ar  filled  glove  box  (the  dew  point  was  below  -70  °C). 

2.3.  Preparation  of  a  practical  size  cell 

To  prepare  the  cathode  electrode,  a  cathode  slurry  was  first 
prepared  by  mixing  the  four  components:  LZO  coated  NCA  (59wt%), 
Li2S-P2S5  (80:20  mol%)  amorphous  electrolyte  (34  wt%),  a 
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Nm 


Fig.  1.  Schematic  structure  of  the  test  cell.  The  pelletized  cell  components  are  pres¬ 
surized  by  a  torque  (3.0  Nm)  to  ensure  contact.  The  current  collectors  (upper  and  lower 
vessels)  are  made  from  a  stainless  steel  316. 


S.  Ito  et  al.  /  Journal  of  Power  Sources  248  (2014)  943—950 


945 


conductive  carbon  based  on  a  carbon  nanotube  (5  wt%)  and  a  nitrile 
butadiene  rubber  based  hydrocarbon  polymer  binder  (2  wt%)  in 
dehydrated  xylene.  The  slurry  was  used  to  coat  carbon  coated 
aluminum  foil.  After  evaporation  of  the  xylene,  the  electrodes  were 
cut  into  predetermined  shapes,  and  dried  at  60  °C  in  a  vacuum  oven 
for  8  h.  All  processes  in  preparing  the  cathode  were  carried  out  in  a 
dry  room  (dew  point  below  -50  °C).  The  anode  electrode  was 
prepared  from  typical  PVdF  slurry  under  a  normal  atmosphere.  The 
electrode  was  composed  of  95  wt%  artificial  graphite  and  5  wt% 
PVdF.  A  nickel  current  corrector  was  adopted  for  the  anode.  The 
loading  levels  of  the  electrodes  were  at  35  and  14  mg  cm-2  for  the 
cathode  and  anode,  respectively. 

The  graphite  anode  was  prepared  by  a  conventional  coating 
technique  which  has  been  generally  adopted  in  the  preparation 
process  of  LIBs.  An  artificial  graphite  was  dispersed  in  PVdF  (5  wt% 
against  the  graphite)  dissolved  dehydrated  l-methyl-2-pyrrolidone 
(NMP)  solution.  The  anode  slurry  was  coated  with  10  pm  thick 
nickel  foil  using  a  doctor  blade.  The  electrode  was  dried  at  60  °C  for 
1  h,  and  then  dried  at  80  °C  under  a  vacuum  below  0.1  torr  for  18  h. 
A  solid  electrolyte  layer  based  on  U2S-P2S5  (80:20  mol%),  was 
directly  formed  by  coating  on  the  surface  of  the  graphite  anode.  The 
solid  electrolyte  slurry  (U2S-P2S5  (80:20  mol%)  dispersed  in  2  wt% 
of  hydrocarbon  binder  dissolved  xylene  solution)  was  coated  on  the 
anode.  The  reason  that  the  conventional  PVdF  bonded  electrode  was 
adopted  for  this  cell,  was  to  maintain  the  separation  of  the  anode 
and  electrolyte  at  the  interface,  because  the  same  binder  both  in 
anode  and  electrolyte  layer  was  not  applicable  to  the  printing  pro¬ 
cess  due  to  its  common  solubility  with  xylene.  Also  since  the  sulfide 
electrolyte  significantly  reacts  with  NMP,  sulfide  electrolyte  was  not 
used  for  the  anode  side.  And  this  absence  of  electrolyte  in  the  anode 
consequently  helps  to  increase  the  energy  density. 

After  drying,  the  anode-electrolyte  assembly  and  the  cathode 
were  placed  on  the  opposite  sides  of  an  electrolyte  layer  to  form  a 
cell.  The  cell  was  then  compressed  together.  The  thicknesses  of  the 
cell  components  were  approximately  100,  200  and  250  pm  for  the 
anode,  electrolyte  and  cathode,  respectively.  The  electrode  active 
area  was  88  x  53  mm2,  and  three  cell  types  were  prepared:  (a) 
single  side  coated,  (b)  both  sides  coated,  and  (c)  stacked.  All  the  cells 
were  placed  inside  the  aluminum  laminated  bag,  and  vacuum  sealed 
to  prevent  exposure  to  air.  The  cell  was  designed  with  the  following 
performance  criteria:  Positive  active  material  =  120  mAh  g-1, 
Negative  active  material  =  275  mAh  g-1,  and  the  gross  Negative/ 
Positive  capacity  ratio  =  1.0.  The  active  surface  area  of  the  single  side 
electrode  is  46.64  cm2  (restricted  by  cathode). 

2.4.  Characterization 

The  powder  X-ray  diffraction  (XRD,  CuKa,  45  kV,  40  mA)  pattern 
was  measured  using  an  Empyrean  XRD  system  (PANalytical, 


Almelo)  for  verifying  the  crystal  structure  of  the  Li20-Zr02  coating 
on  NCA  at  room  temperature.  An  Ar-gas-filled  sample  holder  was 
used  to  prevent  degradation  due  to  moisture. 

An  SEM  image  was  obtained  using  a  field  emission  scanning 
electron  microscopy  JSM-6060  (JEOL,  Tokyo).  The  sample  was  not 
specially  treated  for  the  SEM  observation.  An  energy  dispersive  X- 
ray  analysis  (EDX)  was  also  carried  out  to  determine  the  distribu¬ 
tion  of  the  element.  A  TEM  image  of  a  cross  section  was  observed 
using  a  transmission  electron  microscope,  JEM-2100F  (JEOL,  Tokyo). 
The  cross  sectional  sample  was  prepared  by  using  a  focused  ion 
beam  system,  FB-2000A  FIB  (Hitachi,  Tokyo). 

Electrochemical  impedance  (EIS)  was  performed  using  an 
AUTOLAB  PGSTAT30  (Metrohm  Autolab,  Utrecht)  controlled  by  a 
personal  computer  with  the  cells  contained  in  a  temperature 
chamber,  ESPEC  TH-241(Espec,  Osaka)  with  an  amplitude  of  10  mV 
in  a  frequency  range  of  0.1-1  MHz  at  25  °C  under  a  normal  pres¬ 
sure.  The  EIS  results  were  analyzed  using  ZSimpWin  (ver.  3.21 ),  and 
the  correspondence  of  the  simulated  results  was  controlled  by  x2 
(below  10~5).  The  cycle  and  rate  performances  of  the  cell  were 
measured  by  a  battery  tester,  TOSCAT-3000  (Toyo  system, 
Fukushima).  The  standard  cut  off  voltages  for  the  cycle  test  were  set 
at  4.0  V  and  2.5  V  for  charge  and  discharge,  respectively. 

3.  Results  and  discussion 

3.1.  Influence  of  LZO  coating  on  NCA 

SEM  images  of  bare  and  LZO  coated  NCA  are  shown  in  Fig.  2.  The 
surface  of  the  NCA  particles  appeared  rounded  by  the  LZO  coating. 
Although  it  is  difficult  to  distinguish  the  thickness  of  the  LZO  coated 
layer  from  the  SEM  picture,  NCA  was  covered  by  the  LZO  layer.  SEM- 
EDX  analysis  supports  the  homogeneous  distribution  of  Zr  atoms. 
This  indicates  that  the  Zr  compound  is  not  localized  on  the  NCA 
surface  by  the  coating  process.  A  TEM  image  of  a  cross  section  of  a 
0.5  mol%  LZO  coated  NCA  primary  particle  is  shown  in  Fig.  3.  The 
thickness  of  the  LZO  layer  for  the  0.5  mol%  LZO  coated  NCA  was 
presumed  to  be  around  6-8  nm,  and  the  LZO  mostly  covered  the 
NCA  surface.  The  homogeneous  LZO  coating  layer  was  obtained  as 
an  intermediate  protection  layer  from  the  side  reaction  with  sulfide 
electrolyte. 

A  powder  X-ray  diffraction  of  LZO  coated  sample  is  shown  in 
Fig.  4.  The  main  peaks  attributed  to  NCA  were  unaltered  by  the  LZO 
coating  process  including  annealing  at  350  °C.  If  a  tetragonal  Li20- 
Zr02  phase  was  formed,  some  peaks  would  be  observed  at  position 
indicated  by  the  arrow  in  Fig.  4( right  figure).  However  the  tetrag¬ 
onal  Li20-Zr02  phase  was  not  observed,  since  the  annealing  tem¬ 
perature  was  350  °C  and  is  too  low  to  form  the  tetragonal  phase. 

To  compare  the  cell  performance  of  the  bare  NCA  and  LZO 
coated  samples,  the  test  cells  were  prepared  and  examined. 


Zr  L 


Fig.  2.  SEM  images  of  (A)  bare  and  (B)  0.5  mol%  LZO  coated  NCA,  and  corresponding  EDX  Zr  mapping  of  (B).  The  mean  particle  size  of  NCA,  D50  is  approximately  5  pm. 
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Fig.  3.  A  TEM  image  of  a  cross  section  of  a  0.5  mol%  LZO  coated  NCA  particle.  In  the 
figure,  the  right  hand  (dark)  side  corresponds  to  NCA.  The  boundary  was  also  verified 
by  the  elements  using  an  EDX. 

Notably,  the  influence  of  the  LZO  coating  was  found  in  the  cathode 
charge  transfer  resistance  measured  by  EIS  after  the  initial  charge. 
The  results  of  the  EIS  measurement  after  the  1st  charge  (~4.0  V) 
are  given  in  Fig.  5.  The  impedances  were  analyzed  by  a  simulation 
based  on  an  equivalent  circuit:  Lftb(KctiQcti)(Kct2Ckti  W  where  the  L 
is  the  inductance,  Rx  is  the  resistance,  is  the  constant  phase 
element,  and  W  is  Warburg  diffusion.  Here,  R b  indicates  the  bulk 
resistance  corresponding  to  the  Ohmic  drop  which  is  mostly 
attributed  to  the  ion  conductivity  of  the  electrolyte,  and  Rct i  and 
Rct2  indicate  the  charge  transfer  resistances  of  the  anode  and  the 
cathode,  respectively.  To  obtain  better  fitting  parameters,  several 
points  attributed  to  the  capacitance  given  in  the  solution  resistance 
in  the  high  frequency  region  (above  100  kHz)  were  neglected.  The 
fitting  results  are  shown  in  Fig.  5(B),  and  the  separate  resistance  for 
each  component  is  given  in  Table  1.  It  is  certain  that  the  cathode 
charge  transfer  resistance,  Rct 2,  is  the  largest  resistive  component  in 
the  total  cell  resistance,  though  we  cannot  clearly  state  whether  the 
anode  impedance  is  sufficiently  small  in  comparison  with  the 
cathode  side  or  not.  The  reason  that  the  cathode  impedance  com¬ 
prises  most  of  the  resistance  in  our  cell  may  be  due  to  the  side 
reaction  between  sulfide  electrolyte  and  cathode  at  the  interface, 
especially  for  bare  NCA.  The  anode  Rct  1  is  around  half  that  of  the 
cathode.  However,  the  utilization  of  the  anode  (i.e.,  the  same 
weight  of  the  graphite  is  used  for  these  test  cells  to  evaluate  the 
cathode)  must  be  taken  into  account  when  considering  the  relative 


value  of  the  anode  impedance.  The  minimum  impedance  was  ob¬ 
tained  at  0.5  mol%  LZO  coating.  Whereas  a  1.5  mol%  LZO  coating 
increased  the  resistance  in  comparison  with  a  0.5  mol%  LZO  coating. 
The  thick  coating  layer  (i.e.,  1.5  mol%  LZO  coat)  might  obstruct  the 
charge  transfer  at  the  cathode/electrolyte  interface,  because  the 
ionic  conductivity  of  Li20-Zr02  should  be  lower  than  that  of  the 
sulfide  based  electrolyte  [30].  If  the  thickness  of  the  LZO  layer  is 
sufficient  to  carry  out  the  charge  transfer  process,  it  can  be  assumed 
that  the  LZO  layer  suppresses  the  following  resistive  components: 
(1)  a  resistance  originating  in  the  mutual  diffusion  layer  formed  by 
the  side  reaction  between  sulfide  and  NCA  (oxide),  and  (2)  a 
resistance  originating  in  the  poorly  electrochemical  active  surface 
between  the  NCA  and  the  electrolyte.  The  former  phenomenon  is 
well-known  in  the  sulfide  system  [24-28  .  The  latter  is  not 
generally  observed  in  conventional  LIBs  due  to  the  penetration  of 
the  liquid  electrolyte  into  micro  pores.  In  fact,  the  physical  forma¬ 
tion  of  the  interface  is  a  significant  issue  in  all  solid  systems, 
because  a  sufficiently  active  surface  cannot  be  easily  fabricated 
through  solid-solid  contact.  The  physical  specific  surface  area  of 
NCA  increased  upon  coating  with  the  LZO  (the  exact  values  are 
given  in  the  Experimental  Section,  the  specific  surface  area  of  LZO 
coated  NCA  is  approximately  120%  of  the  bare  NCA.).  Since  the  LZO 
layer  covers  the  micro  pores,  i.e.,  LZO  covers  primary  and  secondary 
particles  at  the  nano  level  (see  TEM  image  in  Fig.  3),  the  physical 
contacting  surface  area  between  LZO  and  NCA  must  be  much  larger 
than  that  of  the  sulfide  electrolyte/NCA.  At  the  present  stage,  we 
presume  (1)  the  LZO  layer  (approximately  8  nm  thick)  does  not 
behave  as  an  obstruction  for  the  net  electrochemical  reaction,  and 
protects  the  NCA  surface  from  the  side  reaction  with  sulfide. 
However,  a  thick  LZO  layer  behaves  as  an  obstruction  because  of  the 
slow  lithium  ion  diffusion  in  the  LZO.  (2)  The  enlarged  physical 
surface  area  probably  affects  the  impedance.  However,  the  effect 
must  be  limited,  since  the  enhancement  of  the  physical  surface  area 
does  not  significantly  alter  the  impedances,  and  (3)  since  the 
lithium  ion  diffusion  in  LZO  must  be  much  slower  than  in  Li2S-P2Ss 
and  NCA,  the  surface  coverage  of  LZO  does  not  significantly  influ¬ 
ence  the  effective  electrochemical  active  surface.  Therefore,  the 
small  impedance  given  in  the  LZO  coated  NCA  may  be  caused  of  the 
protection  from  the  side  reaction  at  initial  charge  rather  than  the 
increase  of  the  electrochemical  active  surface  by  LZO  surface 
coverage. 

The  rated  performance  of  the  full  cells  is  shown  in  Fig.  6.  Since 
the  cell  impedance  of  the  bare  NCA  was  much  higher  than  the 
coated  samples,  the  capacity  was  lower  than  other  cells 
(103  mAh  g_1).  Especially,  at  the  high  discharge  rate  of  1  mA  cm-2, 
the  cell  operating  potentials  were  totally  different  to  each  other. 
The  tendency  of  the  rate  capability  was  reflected  by  the  charge 
transfer  resistance  (0.5  mol%  coated  >  1.0  mol%  coated  >  1.5  mol% 
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Fig.  4.  XRD  patterns  for  the  bare  and  the  LZO  coated  NCA  with  different  amounts  of  coating.  The  right  figure  shows  an  extended  scale  within  15-45°  for  the  1.5  mol%  LZO  coated 
NCA  (region  (A)  in  the  left  side  figure). 
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Fig.  5.  Impedance  of  the  test  cells  at  the  initial  charged  (bare  NCA  ( • ),  and  0.5  mol%  (■),  1.0  mol%  (a)  and  (♦)  1.5  mol%  LZO  coated  NCA).  (A)  Nyquist  plot  and  (B)  Bode  plot.  The 
Bode  plot  contains  data  simulated  data  using  an  equivalent  circuit  (+).  As  can  be  seen  the  experimental  data  and  simulations  are  almost  perfectly  overlapped. 


coated  >>  bare  NCA).  The  cycle  performance  was  verified  for  bare 
and  0.5  mol%  coated  NCA  at  0.1  C  charge/discharge  cycle  at  25  °C. 
The  results  are  given  in  Fig.  7.  The  capacity  retentions  were  73.9  and 
91.7%  against  the  initial  capacity  after  100  cycles,  for  bare  and 
0.5  mol%  LZO  coated,  respectively.  It  is  clear  that  the  cell  capacity 
was  well  maintained  in  the  0.5  mol%  LZO  coated  NCA  cell  in  com¬ 
parison  with  the  non-treated  one.  A  summary  of  the  separate 
resistive  components  derived  from  EIS  measurements  at  100  cycles 
are  shown  in  Table  2.  Although  the  Rct i  value  in  both  cells  also 
increased  with  the  cycle  number,  the  cathode  impedances  (ftct2) 
given  in  the  bare  NCA  significantly  increased  in  comparison  to  the 
0.5  mol%  LZO  coated  NCA  after  100  cycles.  To  investigate  some  more 
details  of  the  capacity  decay  due  to  Rct2l  EIS  measurements  were 
performed  every  10  cycles  for  both  cells  until  40  cycles,  and  were 
independently  performed  from  the  above  cycle  test  under  the  same 
test  conditions.  The  cathode  charge  transfer  resistance,  Rct2  is 
plotted  versus  cycle  number  in  Fig.  8.  The  resistance  linearly 
increased  in  both  cells,  and  the  slope  given  in  bare  NCA  was  much 
larger  than  that  of  0.5  mol%  LZO  coated  NCA.  Even  in  the  LZO  coated 
cell,  the  increment  of  the  resistance  was  not  completely  prevented. 
However,  the  influence  of  the  LZO  coating  was  clearly  verified.  The 
increased  impedance  may  be  due  to  the  particular  reaction  in  sul¬ 
fide  system,  i.e.,  a  resistive  layer  formation  due  to  the  mutual 
diffusion  of  atoms  at  the  electrolyte/cathode  oxide  interface  [32]. 
Since  the  cathode  resistance  was  well  maintained  by  the  LZO 
coating,  the  cathode  potential  could  be  well  controlled.  On  the 
contrary,  the  cathode  impedance  increased  with  the  cycle  in  the 
bare  NCA,  because  the  degradation  of  the  cathode/electrolyte 
interface  was  enhanced  without  LZO  layer  at  every  cycles.  Although 
the  actual  independent  cathode  and  the  anode  potentials  are  un¬ 
clear  during  the  operation  of  the  two  electrode  cell  in  this  study,  it 
is  sure  that  suppression  of  the  degradation  reaction  is  strongly 


Table  1 

Independent  resistive  components  analyzed  using  an  equivalent  circuit. 


Resistance/Q 

Rb 

Kctl 

Rct2 

0  mol%  (bare) 

69.7 

105 

247 

0.5  mol%  LZO  coated 

79.0 

41.9 

88.3 

1 .0  mol%  LZO  coated 

71.1 

20.6 

98.9 

1 .5  mol%  LZO  coated 

69.6 

47.2 

146 

required  to  maintain  the  cathode  potential  for  the  sulfide  based 
solid  state  battery  system. 

3.2.  Demonstration  performance  of  a  practical  size 

Since  the  test  cell  showed  a  good  cell  performance,  a  card  size 
cell  was  prepared  by  typical  wet  process.  Indeed,  if  we  can  directly 
prepare  a  large  area  electrode  from  a  composite  powder,  the  cell 
performance  could  be  used  to  estimate  in  comparison  with  the  wet 


Fig.  6.  Discharge  rate  performances  of  the  test  cells  adopting  (1)  bare  NCA,  (2)  0.5  mol 
%  LZO  coated  NCA,  (3)  1.0  mol%  LZO  coated  NCA  and  (4)  1.5  mol%  LZO  coated  NCA,  for 
the  cathode  active  material.  The  charge  rate  was  fixed  at  0.05  mA  cnrr2. 
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Fig.  7.  Cycle  characteristic  of  (A)  bare  and  (B)  0.5  mol%  LZO  coated  NCA  at  25  °C.  The 
test  conditions  are  0.1  C  constant  current  (CC)  -  constant  voltage  (CV)  charge/0.1  C 
constant  current  (CC)  discharge,  and  the  cut  off  potentials  are  4.0  and  2.5  V  for  the 
charge  and  the  discharge,  respectively. 


process,  because  we  do  not  need  to  account  for  the  resistance  of  the 
binder  in  the  total  cell  resistance.  On  the  contrary,  there  is  a  large 
benefit  in  using  the  binder  for  the  fabrication  process,  because  the 
conventional  LIB  process  can  be  applied  to  prepare  the  solid  state 
cell.  Although  there  are  several  methods,  here  we  adopted  the 
simple  wet  process. 

The  microstructure  of  the  fabricated  cell  was  investigated  using 
SEM  and  an  image  of  a  cross  section  of  the  electrode  assembly  is 
shown  in  Fig.  9.  The  thickness  of  the  anode,  the  solid  electrolyte  and 
the  cathode  were  approximately  100,  200,  and  250  pm,  respec¬ 
tively,  for  a  100  mAh  standard  single  cell.  In  Fig.  8,  the  contrast  of 
the  picture  and  the  particles’  shapes  may  help  to  recognize  the 
layered  structure  of  the  electrode  assembly.  In  fact,  the  solid  elec¬ 
trolyte  layer  is  very  thick  compared  to  a  PE  separator  (below  30  pm 
in  general)  adopted  in  LIBs.  However,  the  thick  layer  was  prepared 
only  for  preventing  the  short  circuit,  because  the  electrolyte  was 
directly  coated  on  the  anode.  To  ensure  separation  between  the 
cathode  and  anode,  a  thick  electrolyte  layer  is  needed.  In  this 
preparation  process,  an  important  step  was  to  use  the  PVdF  binder 
for  the  anode.  The  electrolyte  slurry  based  on  xylene  could  be  easily 
coated  on  the  anode  side  without  mutual  dissolution  of  each  layer 
at  the  interface.  If  the  same  binder  is  adopted  for  both  the  electrode 
and  electrolyte  layer,  it  is  impossible  to  prepare  the  electrolyte  layer 
directly  on  the  electrode  due  common  solubility  of  the  binder  by 
the  wet  process.  However,  this  problem  could  be  completely  solved, 
since  PVdF  is  insoluble  in  xylene.  Also,  this  gives  a  large  benefit  in 
the  manufacturing  process,  because  a  general  anode  used  in  LIB  is 
available  for  application.  The  external  overview  of  the  demonstra¬ 
tion  cell  is  shown  in  Fig.  10.  The  nominal  capacity  of  the  cell  can  be 
easily  controlled  by  a  combination  of  the  electrode  coating  process 
and  the  number  of  parallel  stacks.  The  cell  shown  in  Fig.  10  has  both 
sides  coated  and  contains  three  single  cells.  The  discharge  curves  of 
the  two  types  of  single  cells  and  the  stacked  cell  are  shown  in 
Fig.  11.  Although  the  electrolyte  free  anode  was  used  in  the  cells,  the 
designed  discharge  capacity  (120  mAh  g-1  for  the  LZO  coated  NCA 


Table  2 

Resistances  after  100  cycles  for  LZO  coated  and  non-treated  (bare)  NCA  and  the  ratio 
in  comparison  with  the  initial  values  (given  in  Table  1 ). 


Bare  NCA 

0.5  mol%  LZO 

Rb  Rcti 

Rct2 

Rb 

Rc  ti 

Rct2 

Rx  at  100  cycles/Q 

71.5  321 

1419 

82.5 

125 

232 

Ratio  (lOOth/init.) 

1.03  3.06 

5.74 

1.04 

2.98 

2.63 

Fig.  8.  Charge  transfer  resistance,  Rct2  plotted  versus  cycle  for  the  test  cells  using  bare 
NCA  (•),  and  0.5  mol%  LZO  coated  NCA  (■)  at  25  °C.  The  Rct2  is  derived  from  the 
simulation  using  the  equivalent  circuit  given  in  Section  3.1. 


under  a  charge  cut  off  potential  of  4.0  V  by  a  constant  current)  was 
obtained  without  an  external  artificial  pressure.  The  cell  kinetics  is 
still  governed  by  the  cathode  charge  transfer  resistance.  The  anode 
resistance  can  be  negligible,  though  the  electrolyte  free  anode  was 
adopted.  This  is  probably  due  to  the  cathode  kinetics  being  much 
slower  than  the  mass  transport  process  in  the  anode. 

The  discharge  curves  related  to  the  cycle  performances  for  the 
single  cells  at  25  °C  and  60  °C  are  given  in  Fig.  12.  Indeed,  the  po¬ 
larization  is  larger  than  the  test  cell  as  shown  in  Fig.  6.  It  is  pre¬ 
sumed  that  (1)  the  binder  obstructs  the  ionic  and/or  electric 
conduction  in  the  electrodes  and  (2)  the  charge  transfer  resistance 
of  the  solid  electrolyte  free  anode  is  higher  than  the  test  cell.  The 
designed  capacity  is  exactly  the  same  in  both  cells  tested  in  25  and 
60  °C.  However,  the  cell  capacities  were  approximately  110  mAh 
and  125  mAh  at  25  and  60  °C,  respectively,  due  to  the  cell  over 
potential.  On  the  other  hand,  the  capacity  retention  was  almost  the 


Fig.  9.  Cross  sectional  view  of  the  electrode  assembly  for  a  single  cell  coated  on  both 
sides.  In  the  figure,  “SE”  indicates  the  solid  electrolyte  layer. 
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Fig.  10.  The  1  Ah  class  demonstration  cell.  The  cell  consists  of  three  parallel  stacks  of 
the  single  cells  (coated  on  both  sides). 


Fig.  11.  0.1  C  Discharge  curves  of  (A)  a  single  cell  (single  side  coated),  (B)  a  single  cell 
(both  sides  coated)  and  (c)  stacked  battery  (three  parallel  stacks  of  (B))  at  25  °C. 

same  in  spite  of  the  temperature  differences.  The  capacity  re¬ 
tentions  at  100  cycles  were  82  and  85%  of  initial  capacities  at  25  and 
60  °C,  respectively.  This  strongly  indicates  the  high  temperature 
stability  of  the  all-solid-state  battery,  and  so  that  the  cell  will  be 
appropriate  for  the  electric  vehicle  (EV)  and  energy  storage  system 
(ESS)  applications. 

Although  further  development  is  still  required  to  improve  the 
energy  density  and  rate  capability,  the  applicability  of  the  sulfide 
based  electrolyte  to  practical  size  lithium  ion  batteries  was  clearly 
demonstrated  indicating  the  great  possibility  for  use  as  a  next 
generation  battery. 

4.  Conclusion 

A  Li20-Zr02  (LZO)  coating  layer  was  prepared  on  a  LiNio.s- 
C00.15AI0.05O2  (NCA)  surface  to  apply  to  sulfide  based  solid  state 
battery.  In  a  rocking  chair  type  small  test  cell,  85%  capacity  reten¬ 
tion  at  100  cycles  and  good  rate  capability  were  verified.  Although 
the  mechanism  of  LZO  protection  layer  is  still  not  sufficiently  un¬ 
derstood  in  this  study,  it  is  presumed  that  the  interface  between  the 
sulfide  electrolyte  and  the  NCA  is  maintained  by  the  LZO  layer 
during  the  cell  operation,  because  the  increment  ratio  of  Rct2  during 
cycle  is  significantly  reduced  by  the  existence  of  the  LZO  layer,  and  a 


Fig.  12.  Discharge  curves  of  a  single  cell  at  25  and  60  °C  at  various  cycles.  The 
discharge  curves  are  given  at  every  20  cycles  until  100  cycles. 


thicker  LZO  layer  indicates  a  higher  impedance  with  a  lower 
increment  ratio  of  the  impedance  during  the  cycle. 

To  realize  a  practical  size  solid  state  battery,  we  have  verified  the 
possibility  of  fabrication  of  a  1  Ah  class  pure  solid  state  battery 
without  any  liquid.  The  battery  cycle  performance  and  80%  capacity 
retention  was  verified  at  100  cycles  without  any  artificial  external 
pressure.  Although  the  cell  performance  is  still  not  sufficient  for  EV 
application,  the  development  is  certainly  progressing  towards  a 
practical  size  battery. 
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